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The PD-1/PD-L pathway plays a major role in regulating T-cell exhaustion during chronic viral infections
in animal models, as well as in humans, and blockade of this pathway can revive exhausted CD8* T cells. We
examined the expression of PD-1 and its ligands, PD-L1 and PD-L2, in multiple tissues during the course of
chronic viral infection and determined how the amount of PD-1 expressed, as well as the anatomical location,
influenced the function of exhausted CD8 T cells. The amount of PD-1 on exhausted CD8 T cells from different
anatomical locations did not always correlate with infectious virus but did reflect viral antigen in some tissues.
Moreover, lower expression of PD-L1 in some locations, such as the bone marrow, favored the survival of
PD-1" exhausted CD8 T cells, suggesting that some anatomical sites might provide a survival niche for
subpopulations of exhausted CD8 T cells. Tissue-specific differences in the function of exhausted CD8 T cells
were also observed. However, while cytokine production did not strictly correlate with the amount of PD-1
expressed by exhausted CD8 T cells from different tissues, the ability to degranulate and kill were tightly linked
to PD-1 expression regardless of the anatomical location. These observations have implications for human

chronic infections and for therapeutic interventions based on blockade of the PD-1 pathway.

Chronic viral infections are often associated with CD8"
T-cell dysfunction (30). This dysfunction, termed exhaustion,
includes defects in the ability to produce antiviral cytokines,
poor cytotoxicity, a loss of antigen-independent self-renewal,
and the inability to vigorously re-expand following antigen
exposure (30). These functional deficiencies contrast with the
highly functional memory CD8" T cells that are generated
after acute infection and maintained via interleukin-7 (IL-7)-
and IL-15-mediated homeostatic proliferation (30). During
chronic viral infections, T-cell exhaustion often correlates with
poor control of viral replication (3, 8, 38, 39). Thus, there is
considerable interest in developing strategies to reverse ex-
haustion and restore function in virus-specific CD8" T cells
during chronic infections.

Recent studies have revealed an important role for the neg-
ative regulatory molecule PD-1 in CD8 T-cell exhaustion dur-
ing chronic viral infections (29). PD-1, a member of the CD28/
CTLA-4 family of costimulatory/coinhibitory receptors, contains
both ITIM and ITSM motifs in the intracellular tail and can
deliver negative signals, at least partly via recruitment of the
phosphatase Shp-2 (29). A role for PD-1 in regulating T-cell
responses to chronic viral infections was first observed using
lymphocytic choriomeningitis virus (LCMV) infection of mice,
where PD-1 was found to be highly expressed on exhausted
CD8™" T cells from chronically infected animals but not on
functional memory CD8" T cells from mice that had cleared
an acute strain of the virus (3). In vivo blockade of the PD-1
pathway led to a dramatic increase in the number of virus-
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specific CD8" T cells, improved functionality of these cells,
and enhanced control of viral replication (3). These observa-
tions were extended to human chronic viral infections, and a
series of studies have demonstrated that human immunodefi-
ciency virus (HIV)-, hepatitis C virus (HCV)-, and HBV-spe-
cific CD8" T cells upregulate PD-1 in humans compared to
CD8™" T cells specific for nonpersisting viruses such as influ-
enza virus or vaccinia virus (6-8, 24, 26, 32, 33, 42). Increasing
PD-1 expression also correlates with disease status during HIV
infection (8, 42). In vitro blockade of PD-1-PD-L interactions
can reinvigorate exhausted virus-specific T-cell responses in
humans and appears to have a prominent impact on prolifer-
ative expansion and/or prevention of apoptosis in these cases
(9, 24, 32). Finally, recent results from in vivo blockade in the
macaque simian immunodeficiency virus (SIV) infection
model demonstrated the effectiveness of blocking PD-1 in pri-
mates during chronic viral infection (36). In these studies,
PD-1 blockade enhanced virus-specific T and B-cell responses,
lowered viral load, and improved the survival of chronically
infected animals. Thus, PD-1 has emerged as not only a major
regulator of T-cell exhaustion and viral control during chronic
infection but also as an important potential therapeutic target.

Despite these important studies and the clear impact of
PD-1 blockade on the reversal of T-cell exhaustion, important
questions remain. For example, previous work has demon-
strated that PD-1 expression is not uniform on subsets of
exhausted CD8 T cells (4). However, the expression of PD-1
on exhausted CD8 T cells in multiple tissues, and the relation-
ship between PD-1 expression in these tissues to viral load, the
PD-1 ligands and function has not been examined. Given the
nonlymphoid accumulation of virus-specific CD8 T cells during
chronic viral infections (11, 39) and the predilection of many
important chronic infections for replicating in anatomically
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restricted locations (e.g., HCV and the liver, HIV and mucosal
tissues, etc.), the dynamics of PD-1 expression by exhausted
CDS8 T cells outside the blood and spleen could have important
therapeutic implications.

In the present study we examined these issues using the
mouse model of LCMV infection. Our results demonstrate
that exhausted CD8 T cells have a wide range of PD-1 expres-
sion in different tissues of chronically infected mice. Virus-
specific CD8 T cells in some anatomical locations such as the
liver, brain, and bone marrow (BM) expressed high PD-1 for
substantially longer than virus-specific CD8" T cells from the
spleens or blood of the same mice. Although PD-1 expression
in the spleen correlated well with reduced gamma interferon
(IFN-v) and tumor necrosis factor (TNF) production, the PD-
1" virus-specific CD8 " T cells from the BM remained capable
of producing antiviral cytokines ex vivo. In contrast, a strong
negative correlation between PD-1 expression and cytotoxicity
existed for exhausted CD8 T cells from all tissues tested.
PD-L1 expression was high in the spleen, whereas in the BM
antigen-presenting cell (APC) populations expressed lower
amounts of PD-L1. Survival of PD-1"" CD8" T cells from the
BM was decreased in the presence of splenic APCs, suggesting
that different tissue microenvironments in vivo could selec-
tively support the persistence of PD-1 exhausted CD8 T cells.
Since PD-1 expression differs by anatomical location, these
observations suggest that PD-1 blockade in vivo will have vary-
ing impacts on exhausted CD8 T cells from different tissues or
anatomical locations. These observations have implications for
human chronic infections such as HBV, HCV, and HIV.

MATERIALS AND METHODS

Mice, virus, and infections. C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). LCMV Armstrong and clone 13 strains were
propagated, the titers were determined, and the strains were used as described
previously (2). Briefly, LCMV titers were measured by plaque assay on Vero cell
monolayers. Vero cells were plated in 35-mm wells in six-well dishes, incubated
at 37°C, and used the following day when the cell monolayers were confluent.
The medium was removed, and the samples to be titrated were added to the cells
(0.2 ml). After adsorption for 60 min at 37°C, the cells were overlaid with 4 ml
of a 50:50 mixture of 0.5% Seakem agarose (Lonza, Rockland, ME) and 2X
Medium 199 (Gibco Laboratories, Grand Island, NY) supplemented with 10%
heat-inactivated fetal calf serum, antibiotics, and L-glutamine. The plates were
incubated for 4 days at 37°C and then overlaid with 2.0 ml of 0.5% agarose-
Medium 199 containing 0.05% neutral red (Gibco Laboratories). The plaques
were counted the following day. B6 mice were infected intraperitoneally with
LCMV Armstrong (2 X 10°PFU) or intravenously with LCMV clone 13 (2 X 10°
PFU). All mice were used in accordance with Institutional Animal Care and Use
Committee guidelines.

Isolation of lymphocytes from tissues. Lymphocytes were isolated from non-
lymphoid tissues as described previously (39). Briefly, mice were euthanized, the
hepatic veins were cut, and the livers were perfused with 5 ml of ice-cold
phosphate-buffered saline (PBS). Lungs were harvested by cutting the left ven-
tricle and injecting PBS into the right ventricle to perfuse the lungs. Livers, lungs,
and kidney tissues were homogenized by using a wire screen. Homogenized lung
was first incubated in 1.5 mM EDTA at 37°C for 30 min, and the liver, lung, and
kidney were then incubated in 0.25 mg of collagenase B (Boehringer Mann-
heim)/ml and 1 U of DNase (Sigma)/ml at 37°C for 45 min. Digested tissue was
applied to a 44/56% Percoll gradient and centrifuged at 850 X g for 20 min at
20°C. The intrahepatic lymphocyte population was harvested from the interface,
red blood cells were lysed by using 0.83% ammonium chloride and washed, and
the resulting lymphocytes counted. Brains were removed and homogenized by
using a wire screen. The homogenate was adjusted to 30% Percoll and underlaid
with 70% Percoll. The Percoll gradient was centrifuged at 800 X g for 20 min at
20°C. Mononuclear cells were recovered from the interface and washed once in
RPM]I, red blood cells were lysed by using 0.83% ammonium chloride, and the
cells were washed and counted. BM lymphocytes were isolated by flushing each
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femur with 5 ml of cold RPMI. Spleens and lymph nodes were homogenized by
using a wire screen, and red blood cells were lysed by using 0.83% ammonium
chloride and washed.

Flow cytometry, intracellular cytokine staining, and CD107a assay. Major
histocompatibility complex (MHC) class I peptide tetramers were made and used
as described previously (39). Antibodies to CD8, CD44, IFN-y, TNF, PD-L2, and
PD-1 (RMP1-30) were purchased from eBioscience (San Diego, CA). Antibod-
ies to PD-1 (J43), PD-L1, and CD107a were purchased from BD Biosciences
(San Diego, CA). Antibodies to MIP-1a and granzyme B were purchase from
R&D Systems (Minneapolis, MN) and Caltag (Burlingame, CA), respectively.
Splenocytes from LCM V-infected mice were stained as previously described. For
intracellular cytokine analysis, 10° splenocytes were cultured in the absence or
presence of the indicated peptide (0.2 pg/ml) and brefeldin A for 5 to 6 h at 37°C.
After staining for surface antigens as described above, cells were stained for
intracellular cytokines by using the Cytofix/Cytoperm kit (BD/Pharmingen). The
CD107a assay was performed as previously described (5). Samples were collected
by using a FACSCalibur or LSR II flow cytometer (Becton Dickinson). Staining
for intracellular LCMV was carried out using the anti-NP antibody clone 1.1.3
(provided by M. Buchmeier, The Scripps Research Institute, La Jolla, CA)
conjugated to A647. The staining was carried out by using a BD Cytofix/Cyto-
perm kit. Alexa 647 conjugation was carried out by using an Alexa Fluor labeling
kit (Invitrogen) according to the manufacturer’s instructions.

In vitro apoptosis assay. Measurement of in vitro apoptosis was performed
essentially as previously described (4).

Killing assay. This is an adaptation of the VITAL Kkilling assay described
previously (12). Briefly, two sets of Ly5.1" splenocytes were labeled with car-
boxyfluorescein diacetate succinimidyl ester (CFSE), one with 100 nM CFSE and
one with 1.25 uM CFSE. The CFSE-labeled cells were then pulsed with 2 pg of
GP33-44 or SINFEKL peptide/ml, respectively, for 1 h at 37°C and then rinsed
three times in RPMI with 10% fetal calf serum. The peptide pulsed targets were
then incubated with magnetic bead (Miltenyi Biotec)-purified Ly5.2" CD8* T
cells from either the spleens or BM with a 0.5 effector/target ratio (E:T) for 4, 12,
or 20 h. The E:T was determined by normalizing all populations to the number
of DbGP33 tetramer-positive CD8 T cells. Cells were washed and stained with
Ly5.1 and Live/Dead fixable red dead cell stain kit from Molecular Probes
(Eugene, OR). The killing efficiency was determined as previously described

(12).

RESULTS

PD-1 expression on virus-specific CD8* T cells varies by
anatomical location. During chronic viral infections, antigen-
specific CD8" T cells accumulate to high frequencies and
absolute numbers in tissues other than the spleen, lymph nodes
(LN), and blood. Nonlymphoid tissues such as the liver and
BM, for example, become important reservoirs of antiviral T
cells (34, 39, 41). Similar accumulation of virus-specific CD8*
T cells in the liver during HCV infection has also been ob-
served (1, 11). Although previous studies suggested that PD-1
expression in blood and spleen differed from that observed on
exhausted CD8 T cells from the liver or BM (4), the expression
of PD-1 on exhausted CD8 T cells from multiple nonlymphoid
tissues has not been examined. To address this question, we
used the mouse model of chronic LCMV infection. In adult
mice, LCMV Armstrong (Arm) is cleared by day 8 to 10
postinfection (p.i.), whereas LCMV clone 13 establishes a
chronic infection with 2 to 3 months of viremia, followed by
long-term persistence in some tissues (39). LCMV Arm and
LCMV clone 13 differ by two amino acids, neither of which
occurs in any known T-cell epitope, allowing the comparison of
functional memory CD8™ T cells generated after clearance of
LCMYV Arm to exhausted CD8" T cells of the same specificity
found during LCMV clone 13 infection.

C57BL/6 mice were infected with either LCMV Arm or
LCMV clone 13 and lymphocytes were isolated from eight
tissues at multiple time points postinfection. A kinetic analysis
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FIG. 1. Kinetics and pattern of PD-1 expression by virus specific CD8" T cells in different anatomical locations. (A) After infection with LCMV
clone 13, lymphocytes were isolated from the eight tissues indicated, and PD-1 expression was determined on DbGP33 tetramer-positive CD8 T
cells at the indicated times postinfection or on naive (CD44-°) CD8 T cells by flow cytometry. The numbers on the right for each histogram series
indicate the MFI of the corresponding histogram. (B) Examples of DbGP33 tetramer versus PD-1 staining for the spleen, liver, and BM on day
90 p.i. (C) Summary data from panel A. PD-1 expression was examined on DbGP33 CD8" T cells isolated from eight anatomical locations of
LCMV Armstrong and LCMV clone 13-infected mice on days 8, 30, and 90 p.i. (n = 3 to 6 mice/tissue/time point).

of PD-1 expression on virus-specific CD8 T cells from eight
tissues of chronically infected mice is shown in Fig. 1. PD-1
expression was initially upregulated by day 5 p.i. after LCMV
Arm or clone 13 infection but began to decline by day 8 p.i.
after LCMV Arm infection and remained low thereafter (Fig.
1C) (3, 40). During clone 13 infection PD-1 expression on
exhausted CD8 T cells from the spleen and blood was high at
days 8 and 30 p.i. but began to decline by 2 to 3 months p.i.
(Fig. 1). Interestingly, however, the expression of PD-1 during
chronic LCMYV infection was not uniform in all tissues. Rather,
virus-specific CD8" T cells from some tissues, such as BM,
liver, brain, and kidney were high for PD-1 at all time points,
including during and after control of viremia (Fig. 1A and C).

The presence of infectious virus is not the sole determinant
of PD-1 expression. Viral load has been correlated with PD-1
expression in a number of studies (8, 31, 35, 42). To determine
whether PD-1 expression on LCMV specific CD8" T cells
correlated with the presence of viral replication in the tissues
analyzed in Fig. 1, we determined viral load in each tissue at
multiple time points postinfection by plaque assay after infec-
tion with clone 13. The presence of infectious virus was highest

at day 8 p.i. in all tissues (Fig. 2A). The viral load in the spleen,
lungs, liver, BM and blood declined substantially by 1 month
p-i. and was undetectable by conventional plaque assay by 3
months p.i. (Fig. 2A). While the levels of replicating virus also
declined in the LN, kidneys, and brain, infectious virus was still
detectable in the LN and brains of some mice and in the
kidneys of all mice 90 days p.i. (Fig. 2A).

In tissues where virus levels remained high such as the kid-
neys and brain, PD-1 levels also remained high (Fig. 2B).
However, while PD-1 levels declined in tissues such as the
spleen, blood, and lungs where virus levels declined, PD-1
remained elevated in the liver and BM even though the kinet-
ics of viral infection were similar to those in the spleen, blood,
and lungs (Fig. 2B). Thus, although the presence of infectious
virus was associated with high PD-1 expression on virus-spe-
cific CD8" T cells from some tissues, in other locations such as
the liver and BM PD-1 expression remained high on virus-
specific CD8™ T cells despite undetectable levels of infectious
virus.

Arenaviruses, including LCMV, can persist in infected cells
in vitro and in vivo in the absence of the production of infec-



VoL. 84, 2010 DIFFERENCES IN PD-1 AND PD-L1 EXPRESSION 2081
A 9 9 9 9 9 9 9 9
. Sl -~ 8 S PP o 8, 8 8 . 8
£ 7 7, 7, 7, 7, 7 25 7, 4,0’— 7,
‘g _6 6, 6, 6, 6. 6] © 6 6 o
= &5 5] g8 5 5, 5, 5 5 5] Ve
Day 8 g S 4 A 4, 4 4 . 4, 4,
= 3, 3 3, 3 3 3, 3
3 2 2 2 2 2, 2 2 2
e g 1 1 1 1 1 1 1
0. 0. 0. 0. 0. 0. 0. 0.
Spleen  Serum  Lung Liver BM LN Kidney  Brain
9 9 9 9 9 9 9 9
EE 8 8 8 8; 8 8 8
g 7 7 7 7 7 7 K
D 30 S o oles— 6 6 6 6 o we 6 of 2as
a 205 °%  slge 5 s ., s s * 5 5] °o*
y §3 4 d 0 g g4 . 4 4 4
> 3 3 3 3 .f 3 3 3 3,
3 2 2 2 2 2] . 2 2 2
8 4 1 1 1 1 ee 1 1 1
o o o o o o o o
Spleen  Serum  Lung Liver BM LN Kidney  Brain
N 9 9 9 9 9 9 9
5 8 8 8 8 8 8 8
g 7 7 7 7 7 7 7 7
Day 90 5 o 6 6 6 6 6 6 6
= 5 5 5 5 5 5 ey 5
5= 4 4 4 4 4 7t 4 —"" 4
= ———— °® (1]
o 3 3 3, 3 3 3] 3 —
= 2 2 2 2 2 2 2
Q s asem oo essen Py ossee0
1 1 1 1 1 1 1 1
o o o o o 0 o o
Spleen  Serum  Lung Liver BM LN Kidney  Brain
B. PD-1 MFI Viral Load
(2]
< & )
00 2% c -%
MWl 1Mm_1X¥m
d0 Naive
| B ds
d30JArm
doo
ds
d30fclone 13
doo

PD-1 MFI

0 100

detection

\ﬁi Load (LO%O)

Below

2 4 6 8

FIG. 2. Kinetics of control of viral replication varies by anatomical location. (A) Viral load was determined by plaque assay in the indicated
tissues of LCMV clone 13-infected mice on day 8, 30, and 90 p.i. Dashed line indicates the approximate limit of detection determined by serum
volume, tissue weight, or by assaying the BM from an entire femur. (B) Heat map visualization of the comparison between tissue PD-1 MFI on
DbGP33" CD8 T cells (see Fig. 1) and tissue viral load from panel A. Some Arm viral load data are derived from an earlier study (39). Tissues
where PD-1 expression remains high and the viral load is low are highlighted in yellow.

tious virus (23, 27, 37). It was therefore possible that persistent
LCMYV antigen was present even in the absence of infectious
virus. In order to explore this possibility, the spleen and BM
were chosen as representative tissues in which PD-1 levels
either decreased (spleen) or remained high (BM) following the
control of viral replication during LCMV clone 13 infection
despite equally low levels of plaquable virus. The spleen and
BM were also chosen because the majority of resident cells in

each tissue are of hematopoietic origin and thus lend them-
selves to analysis by flow cytometry. LCMV-infected cells from
the spleen and BM were detected by intracellular staining with
an anti-LCMV NP antibody. Although no LCMV NP was
detected in the spleen (or BM [data not shown]) of LCMV
Arm immune animals, persistently infected cells were found in
both the spleen and the BM of LCMYV clone 13-infected ani-
mals on day 90 p.i. when no plaquable virus was detected (Fig.
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FIG. 3. Persistent expression of viral proteins in LCMV clone 13-infected mice in the absence of plaque-forming virus. (A) Cells were isolated
from the spleen and BM of LCMV clone 13-infected mice at day 90 p.i. and stained for intracellular LCMV NP expression. (B) The relative
frequency of LCMV NP expressing cells in the spleen and BM on days 8, 30, and 90 p.i. is indicated. The data represent three mice/time point
and are representative of two (days 8 and 30) or three (day 90) independent experiments.

3A). LCMV NP* cells from both the spleen and the BM
shared a similar phenotype (CD8~ B220~ CD11b™ CD11c™),
suggesting a reservoir of noninfectious virus in macrophages or
possibly DC. These results indicate that in the absence of
infectious virus, viral antigens can still be present. Since LCMV
NP protein was detected in both spleen and BM cells of the
same phenotype, these observations alone did not explain the
PD-1 expression pattern of exhausted CDS8 T cells from these
locations. However, there was a relative increase in the fre-
quency of LCMV NP™ cells in the BM over time, whereas the
frequency of LCMV NP* cells in the spleen remained con-
stant. The reasons for the persistence of LCMV NP cells in
the absence of production of viral progeny are not currently
clear but could relate to an inability of plaque assays to detect
all infectious virus, an ongoing low-level innate immune re-
sponse to the virus or production of antiviral antibodies that
might prevent the generation or detection of progeny virus.
With respect to the impact on T cells, an increase in the
percentage of persistently infected cells in the BM could result

in more frequent encounter of exhausted CD8 T cells with
antigen and be a factor influencing the sustained PD-1 expres-
sion seen on LCMV specific CD8" T cells in the BM of
chronically infected mice.

PD-L1 expression differs between the spleen and bone mar-
row. A second factor that could influence PD-1 expression in
different tissues is the expression of the PD-1 ligands, PD-L1
and PD-L2. The interaction of PD-1 with PD-L1 is associated
with decreased cell survival (17). In order to determine
whether a difference in the expression of the ligands for PD-1,
PD-L1, and PD-L2 was associated with different anatomical
locations, we examined the expression of PD-L1 and PD-L2 in
the spleen and BM. As shown in Fig. 4A, PD-L1 expression
was similar on T cells and CD11¢” DCs from the spleen and
BM. However, CD11b* and CD11b™ cells, as well as CD19*
B220™ cells, had higher PD-L1 expression in the spleen com-
pared to the BM, and this difference persisted to at least day
90 p.. (Fig. 4A and B). PD-L2 expression, in contrast, was
relatively low on most cell types at the time points examined
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FIG. 4. PD-ligand expression varies by anatomical location and time p.i. (A) PD-L1 expression on phenotypically defined cell types from the
spleens and the BM of clone 13-infected mice at day 30 p.i. FMO, fluorescence minus one negative control. (B) Longitudinal analysis of PD-L1
expression in the spleen and BM expressed as the MFI. (C) PD-L2 expression on phenotypically defined cell types from the spleen and BM of clone
13-infected mice at day 30 p.i. (D) Longitudinal analysis of PD-L2 expression in the BM and the spleen expressed as MFI. (E) PD-L1 expression
on virus-infected cells (anti-LCMV NP, primarily CD4~ B220~ CD8a"* CD11b" CD11¢™) in the spleen and BM (n = 3 to 5 for each time point
for panels A to E).
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and showed only subtle differences between the spleen and BM
(Fig. 4C and D). To investigate how PD-L1 compared on
LCMV-infected cells in spleen versus BM, we next gated on
LCMV NP™ cells and examined PD-L1 levels. PD-L1 expres-
sion was lower on LCMV NP~ cells from the BM compared to
the spleen (Fig. 4E). Thus, tissue-specific PD-L1 expression on
infected cells may contribute to the difference in PD-1 expres-
sion observed on exhausted CD8" T cells from various ana-
tomical locations.

APCs from different tissues influence the survival of ex-
hausted CD8" T cells. PD-1 expression is associated with in-
creased susceptibility to spontaneous apoptosis in vitro, and
cross-linking PD-1 on exhausted CD8" T cells further in-
creases the rate of cell death (4, 24, 25). Our results show that
despite similar viral load, exhausted CD8 T cells from different
tissues vary in expression of PD-1. In addition, tissue-specific
expression of PD-L1 was inversely correlated with PD-1 ex-
pression in the same tissues (Fig. 1 and 4). We hypothesized
that PD-1""" exhausted CD8" T cells might have a survival
advantage in tissues with lower PD-L1 expression. To explore
this possibility, we cultured PD-1"" exhausted CD8" T cells
from the BM of chronically infected mice (~3 months p.i.)
with either BM CD8-depleted APCs alone or BM APCs plus
spleen-derived APCs and monitored survival of the PD-1
exhausted CD8 T cells by using vital dye exclusion. (Note that
“APCs” here simply refers to all non-CD8 T cells in the tissue
that could present MHC class I-restricted peptides to CD8 T
cells.) As shown in Fig. 5, the addition of APCs from the spleen
that expressed higher levels of PD-L1 led to an 11-fold increase
in death among the exhausted PD-1""" BM-derived CD8* T
cells. Furthermore, the inclusion of a blocking antibody against
PD-L1 in these cocultures of BM CDS8 T cells and CD8 T-cell-
depleted splenic APCs decreased the killing of the BM-derived
exhausted CD8 T cells. This effect was statistically significant
but did not restore the level of apoptosis to that observed with
BM APCs, suggesting perhaps inefficient blockade in vitro or a
role for other factors such as additional inhibitory receptors.
These data suggest, however, that lower expression of PD-L1
on APCs in the BM could provide PD-1" exhausted CD8 T
cells a survival advantage in this location compared to the
spleen, where higher PD-L1 expression will more efficiently
engage PD-1 and likely lead to cell death.

Cytokine production by exhausted CD8 T cells from differ-
ent tissues. We next examined the function of exhausted CD§
T cells from the spleen, BM, and liver. As expected, virus-
specific CD8" T cells from the spleen of LCMV Arm immune
mice were highly functional, and the majority of GP33-specific
CD8™ T cells were able to coproduce IFN-y/TNF or IFN-y/
MIP-1a (Fig. 6A). While LCMV-specific CD8" T cells from
the spleen and BM of chronically infected mice were function-
ally compromised, when directly compared to each other, vi-
rus-specific CD8 T cells from the BM retained slightly better
per cell function based on coproduction of IFN-y/TNF or
IFN-y/MIP-1a (Fig. 6). In the spleen PD-1 expression was
negatively correlated with IFN-y production; PD-1""" LCMV-
specific CD8" T cells in the spleen produced less ITFN-y/cell
compared to the PD-1=° CD8" T cells in this tissue (Fig. 6C
and D). In contrast, in the BM, PD-1'" exhausted CDS8 T cells
retained the ability to make IFN-y in vitro, and there was no
significant difference between the mean fluorescence intensity
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FIG. 5. Survival of PD-1" exhausted CD8" T cells was influenced
by tissue-resident APCs. (A) PD-1" exhausted CD8" T cells from the
BM of LCMYV clone 13-infected mice (~3 months p.i.) were cultured
for 5 h with BM-derived CD8-depleted “APCs” alone or in combina-
tion with splenic CD8-depleted APC- from the same infected mice.
The percentage of dead/dying PD-1"1 CD8* T cells was determined by
using an amine reactive dye (vital dye). (B) The assay in panel A was
repeated with or without the addition of 10 wg of aPD-L1/ml. Similar
results were observed using vital dye exclusion and staining for active
caspase-3 (data not shown). The data represent the findings in two to
four independent experiments.

(MFI) of IFN-y production between the PD-1"" and PD-1-°
virus-specific CD8" T cells in the BM (Fig. 6D). Exhausted
CD8 T cells from the liver were intermediate between the
spleen and BM for both PD-1 expression and cytokine produc-
tion.

The APC populations from different tissues did not appear
to impact CD8 T-cell functionality in vitro as much as they did
cell death. Mixing splenocytes with BM APCs did not signifi-
cantly alter the functionality of the spleen-derived or BM-
derived LCMV-specific CD8" T cells, although upon the ad-
dition of spleen-derived APCs there was a trend toward
reduced MFI of IFN-y from BM CDS8 T cells consistent with
higher PD-L1 on the spleen-derived APCs (Fig. 7A and data
not shown). To determine whether the PD-1 pathway directly
regulated cytokine production in the short term, in vitro GP33
peptide stimulation was performed for 5 h in the absence or
presence of an anti-PD-L1 blocking antibody and the percent
increase in IFN-y-producing CD8™ T cells was determined for
LCMV-specific CD8" T cells derived from the spleen versus
the BM. Short-term anti-PD-L1 treatment did not improve the
functionality of the BM-derived CD8" T cells in vitro. How-
ever, short-term PD-1/PD-L1 blockade did show a trend to
increase the frequency of IFN-y producers derived from the
spleen by ~15%, although this difference was not statistically
significant (Fig. 7B). Thus, it is possible that cytokine produc-
tion by exhausted CD8" T cells could be regulated by the
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FIG. 6. PD-1"° and PD-1"" subsets of virus-specific CD8" T-cell differ in their functional capacity during chronic LCMV infection. (A) CD8"
T cells from the spleen (PD-1"*") and from the BM (PD-1') from clone 13-infected mice day 45 p.i. were stimulated for 5 h with the GP33-41
peptide. IFN-y, TNF, and MIP-1a production were examined by flow cytometry. The numbers indicate the percentages of responding cells
coproducing the two indicated cytokines. (B) Summary data on the coproduction of IFN-y and TNF for multiple mice (n = 3). (C) Lymphocytes
from the spleens, livers, and BM isolated from clone 13-infected mice at day 45 p.i. were stimulated for 5 h with the GP33-41 peptide and stained
for PD-1 and IFN-y. The numbers indicate the percentages of IFN-y™ cells that were PD-1"° or PD-1', (D) The MFI of IFN-y for PD-1'* or
PD-1H1 virus-specific CD8 T cells from the spleen, liver, or BM on day 45 p.i.

PD-1/PD-L1 pathway either by a direct impact on cytokine
production or through increased survival of cytokine-produc-
ing CD8" T cells. However, the impact in the short term is
modest, in contrast to the robust improvement observed after
2 weeks of blockade in vivo (3-5, 36).

Exhausted CD8" T cells from different tissues vary in cyto-
toxic potential. In addition to cytokine production, cytotoxicity
is a crucial function of CDS8 T cells that correlates with long-
term control of chronic viral infections (19, 20, 43). To directly
examine cytotoxicity ex vivo, we performed a VITAL killing
assay for exhausted CD8 T cells from the different tissues of
chronically infected mice (12). As expected, virus-specific
CD8" T cells generated after LCMV Arm infection (day
10 p.i.) were highly cytolytic in this assay (Fig. 8A). When the
cytotoxic activity of virus-specific CD8" T cells from three
tissues of chronically infected mice was compared, virus-spe-
cific CD8 T cells from the spleen had the best per-cell killing,
followed by CD8 T cells from the liver. Little cytotoxic activity
was observed for BM-derived virus-specific CD8* T cells (Fig.
8A). This hierarchy of cytotoxic activity correlated well with
the expression of PD-1 by these virus-specific CD8" T cells.
We next assessed whether including anti-PD-L1 during the
20-h killing assay could improve cytotoxicity. Unlike the effect
of this blocking antibody in vivo (3-5, 10), short-term in vitro
blockade had minimal effect, and cytotoxicity was not im-
proved for T cells from any tissue (Fig. 8E). Thus, while short-

term PD-L1 blockade did not reactivate the cytolytic machin-
ery, there was a strong correlation between higher PD-1
expression and decreased ex vivo cytotoxic potential for ex-
hausted CD8 T cells, suggesting an in vivo relationship be-
tween PD-1 expression and cytotoxic potential.

Recent studies indicate a critical importance of cytotoxicity
in long-term control of chronic infections, including HIV (13,
19, 20). To investigate further the reasons for differences in the
cytotoxic potential of exhausted CD8™ T cells from the spleen,
liver, and BM, we examined granzyme B expression and de-
granulation (CD107a assay). Granzyme B expression was high-
est on DbGP33" CD8" T cells from the BM and lowest on
those from the liver (Fig. 8B). In all three tissues, the PD-1""
subset of LCMV specific CD8" T cells from chronically in-
fected mice expressed higher granzyme B compared to PD-1°
CD8™" T cells in the same tissue, indicating that, whereas PD-1
does not have a direct relationship with granzyme B expression
across different tissues, PD-1"" T cells in any given tissue ex-
pressed higher amounts of granzyme B than PD-1-° exhausted
CD8 T cells (Fig. 8C). Degranulation, as measured by the
CD107a assay, was high in the liver and spleen and low in the
BM, suggesting an inverse relationship between degranulation
and granzyme B expression in exhausted CD8™" T cells (Fig. 8D
and E). Within a given tissue, PD-1 expression was also in-
versely correlated with the MFI of CD107a after in vitro stim-
ulation; PD-1"° LCMV-specific CD8" T cells from the liver
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FIG. 7. Anatomical differences in functional capacity are not dra-
matically influenced by resident APCs. (A) Splenocytes from LCMV
clone 13-infected CD45.1 mice (day 90 p.i.) were mixed with BM
lymphocytes from LCMV clone 13-infected CD45.2 mice (day 90 p.i.),
stimulated with GP33 peptide, and the intracellular cytokines were
examined after 5 h as in Fig. 6. (B) Splenocytes and BM lymphocytes
from LCMYV clone 13-infected mice (day 90 p.i.) were stimulated with
GP33-41 peptide in the presence or absence of aPD-L1 antibody, and
the production of IFN-y was assessed by ICS after 5 h.

and spleen appeared to degranulate more efficiently following
short-term in vitro stimulation (Fig. 8E). The inverse correla-
tion observed between degranulation and granzyme B expres-
sion in tissue specific exhausted CD8" T cells populations, as
well as between PD-1" and PD-1™° subsets, suggests that
granule contents might be more efficiently released by PD-1-°
exhausted CD8™ T cells and that this impact is tissue indepen-
dent. It is also possible that inefficient degranulation underlies
the poor cytotoxicity of PD-1"" exhausted CDS T cells. Future
studies are necessary to determine the molecular connections
between PD-1 signaling and degranulation, as well as to exam-
ine other aspects of the cytolytic machinery, such as the ex-
pression of other granzymes and perforin.

DISCUSSION

T-cell exhaustion often occurs during chronic viral infections
and prevents optimal control of viral replication. Recent inter-
est has focused on PD-1 as a key inhibitory receptor pathway
negatively regulating the function of exhausted CD8 T cells.
Blocking the PD-1 pathway in vitro or in vivo revives exhausted
CDS8 T cells in chronically infected mice, primates, and humans
(16, 29), identifying this pathway as a key therapeutic target.
However, we have recently identified anatomically and pheno-
typically defined subsets of exhausted CD8 T cells that differ in
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FIG. 8. PD-1"" CD8" T cells have diminished cytotoxic potential
despite high expression of granzyme B. (A) A VITAL killing assay was
performed using GP33-41-pulsed targets and purified CD8" T cells
from the spleens, livers, or BM of LCMYV clone 13-infected mice at day
90 p.i. Splenocytes from LCMV Arm-infected mice (day 10 p.i.) served
as a positive control. The assay was performed in the presence or
absence of aPD-L1 antibody with an E:T for DbGP33-specific CD8 T
cells of 0.5 for 4, 12, or 20 h (20-h time point shown; data are repre-
sentative of three independent experiments). (B and C) DbGP33*
CD8" T cells from the spleens, livers, and BM isolated from clone
13-infected mice at day 45 p.i were stained for granzyme B and PD-1.
The MFI values of granzyme B for DbGP33* CDS8 T cells from the
indicated tissues are shown. (D and E) Lymphocytes from the spleens,
livers, and BM were stimulated in vitro with GP33-41 peptide, and
CD107a degranulation was assessed in combination with staining for
PD-1. Degranulation for DbGP33* CD8 T cells from the three tissues
is indicated.

responsiveness to PD-1 pathway blockade (4). In the current
studies we found that PD-1 expression by exhausted CD8 T
cells varied dramatically in different tissues. Our data indicate
that differences in tissue-specific PD-1 expression are regu-
lated by levels of infectious virus, antigen load in the absence
of infectious virus, and PD-L1 expression. These observations
also suggest that anatomical differences in these factors could
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provide survival niches for subsets of exhausted CD8 T cells
with different properties.

Chronic infections often result in the anatomical accumula-
tion of virus-specific T cells. In the LCMV system substantial
accumulation of tetramer-positive CD8 T cells can occur in the
liver, BM, and brain during chronic infection (39). At some
time points, numerically more antigen-specific CD8 T cells are
found in the livers than in the spleens of LCMV clone 13-
infected mice (39), indicating that these sites are important
quantitative reservoirs of antiviral CD8 T cells. Similar obser-
vations have been made for HCV infection in humans where
virus-specific CD8 T cells can dramatically accumulate in the
infected liver (11). During SIV or HIV infection there is also
an enrichment in virus-specific CD8 T cells in sites such as the
intestinal mucosa (28). An interesting aspect of the present
study is that virus-specific CD8 T cells in different anatomical
locations differed dramatically in their expression of PD-1.
One potential reason for PD-1 expression changes in tissues is
the amount of ongoing viral replication in different sites. In
HCYV infection, for example, virus-specific CD8 T cells from
the liver, the site of viral replication, express higher PD-1 than
CD8 T cells of the same specificity in the blood (22, 26).
During chronic LCMYV infection, virus-specific CD8 T cells in
sites of long-term viral replication such as the brain and kidney
expressed the highest PD-1. However, there were other tissues,
such as the BM and liver, where viral infection appeared to be
controlled with kinetics similar to the spleen and blood and yet
antigen-specific CD8 T cells remained PD-1'" in these loca-
tions. Although we were able to implicate the amount of viral
antigen in the absence of production of infectious virus as one
potential difference between the spleen and BM that could
contribute to high PD-1 expression in this location, our results
also suggest a role for other factors. PD-L1 expression was
lower in the BM. Mixing BM-derived exhausted CD8 T cells
with splenic APCs resulted in increased death of PD-1" ex-
hausted CD8 T cells from the BM, and this effect was at least
partially PD-L1 dependent. Thus, it is possible that lower
PD-L1 expression in some anatomical locations favors the sur-
vival of exhausted CD8 T cells expressing higher levels of
PD-1. However, these results do not exclude other pathways,
including additional inhibitory receptors (5) or inflammatory
signals (18), in influencing PD-1 expression and/or preferential
localization of PD-1"" exhausted CD8 T cells in some loca-
tions.

There is now considerable evidence that blocking the PD-1
pathway can have a positive impact on the function of ex-
hausted CD8 T cells in vitro and in vivo (16, 29). However, the
precise mechanisms for this positive effect remain poorly un-
derstood, and the exact T-cell pathways and functions im-
pacted by blocking PD-1 signaling are not well defined. There
is little doubt that blocking the PD-1 pathway on exhausted
CD8 T cells enhances proliferative expansion, very likely by
enhancing division, as well as reducing apoptosis (3-5, 8, 24,
25, 32). However, the impact of PD-1 blockade on direct ef-
fector functions is less clear. Several studies suggest an impact
of PD-1 pathway blockade on short-term cytokine production
(i.e., ca. 6 to 30 h) (14, 42). Such an effect that occurs prior to
any cell division suggests that PD-1 pathway blockade can
relieve a proximal block in signaling leading to more efficient
transcription/translation of cytokine genes. However, other
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studies have found that a major impact of PD-1 pathway block-
ade on effector function occurs after exhausted CD8 T cells
have undergone proliferative expansion (3-5, 8, 9, 24, 25, 32,
36, 42). These studies suggest that either selective expansion
and/or survival or reprogramming of exhausted CD8 T cells
must occur before enhanced per cell function is achieved.
These concepts are consistent with the notion that T-cell ex-
haustion is a state of differentiation (40) and that relieving a
proximal signaling defect by PD-1 blockade might not on its
own be sufficient to restore function. Our data are most con-
sistent with the latter ideas, since blocking the PD-1 pathway
using oPD-L1 in short-term intracellular cytokine staining
(ICS) or cytotoxicity assays in vitro did not dramatically im-
prove the function of exhausted CD8 T cells. It is worth point-
ing out that function was not improved for either the PD-1""
exhausted CD8 T cells from the BM or the PD-1""" ex-
hausted CD8 T cells from the spleen. Exhaustion of this latter
subset is reversible in vivo (4). In addition, the PD-1""" ex-
hausted CD8 T cells from the BM were capable of producing
cytokines, although these cells were still poorly functional com-
pared to memory CD8 T cells from Arm immune mice. Given
this disconnect between PD-1 expression and short-term cyto-
kine production, it is unlikely that PD-1 signaling alone on
exhausted CDS8 T cells is the proximal cause for poor IFN-y/
TNF production. However, this interpretation does not ex-
clude a role for PD-1 signaling in fostering the development of
poor functionality since exhausted CD8 T cells differentiate
from effector CD8 T cells during chronic viral infection.
Exhausted CD8 T cells from the spleen, liver, and BM are
progressively less cytotoxic ex vivo consistent with increasing
expression of PD-1 on these T cells. Higher granzyme B ex-
pression and reduced degranulation (CD107a staining) suggest
that exhausted CD8 T cells from the BM in particular have a
deficiency in releasing cytotoxic granules. However, again, at
least in short-term assays, aPD-L1 did not enhance cytotoxic-
ity, suggesting that even though cytotoxic potential correlates
with PD-1, once virus-specific CD8 T cells are functionally
exhausted, recovery of cytotoxicity requires reversal of this
state of differentiation via cell division (or selective expansion
of less exhausted subsets of CD8 T cells). Recent work indi-
cates a crucial role for preservation of cytotoxicity during
chronic viral infections in long-term control of viral replication
(13, 19, 20, 43). The more severe defects in cytotoxicity in
exhausted CDS8 T cells from tissues such as the BM and liver
could therefore provide a niche for pathogen persistence in
these locations. Based on PD-1 expression it is likely that
PD-1" CD8 T cells from the brain and kidney are also poorly
cytotoxic. It will be interesting to examine this connection
between anatomical location, PD-1 expression, and cytotoxicity
in human chronic viral infections such as HIV, HCV, and HBV.
An implication of the current observations is that exhausted
CD8 T cells from various tissues will respond differently to
therapeutic intervention based on PD-1 pathway blockade.
This is indeed what has been observed in previous adoptive-
transfer studies where splenic PD-1""° exhausted CD8 T
cells responded to aPD-L1 in vivo, while PD-1'" exhausted
CDS8 T cells from the liver or BM responded poorly (4). In vitro
studies with HCV specific CD8 T cells from the liver or blood
suggested a similar situation exists in humans (22). Thus, our
results have important implications for therapeutic interven-
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tions in humans based on the PD-1 pathway. In considering the
potential of PD-1 pathway blockade to reverse CD8 T-cell
exhaustion in different chronic infections, the tissue localiza-
tion and PD-1 expression pattern of those exhausted CD8 T
cells should be considered. Our results suggest that the virus-
specific CD8 T cells that accumulate outside of the blood and
spleen could be relatively unresponsive subsets, at least to
PD-1 pathway blockade. These results suggest that during in-
fections such as HCV, HBV, and HIV, where virus-specific
CDS8 T cells accumulate in the liver or intestinal mucosa, the
profile of PD-1 expression in the peripheral blood might be
insufficient to predict how an individual will respond to a PD-1
pathway-based therapeutic. For example, there could be PD-
1'vLe yirus-specific T cells in the blood, and yet the virus-
specific T cells in relevant tissue (i.e., liver for HCV, gut for
HIV) might be PD-1"" and refractory to PD-1 or PD-L1 block-
ade alone. Alternatively, the presence of PD-1™""° exhausted
CDS8 T cells that are responsive to inhibitory receptor blockade
in any anatomical site might predict a positive outcome to such
an intervention. During HCV infection where many subjects
often have detectable exhausted CD8 T cells in the liver, but
not the periphery, the detection of any circulating virus-specific
CD8 T cells might be a useful indicator of the therapeutic
potential of PD-1 pathway blockade (22). Our finding that
PD-1" CD8™ T cells display differential functionality based on
their tissue of origin suggests that other factors in addition to
PD-1 are involved in maintaining T-cell exhaustion. We have
previously identified additional inhibitory receptors pathways
such as LAG-3, 2B4, and CD160 that could be involved (5, 40),
and other studies have found a role for CTLA-4 (15, 21).
Future work will be required to determine whether these in-
hibitory receptors and/or other pathways also have tissue-spe-
cific roles in CD8 T-cell exhaustion. PD-1-based therapeutic
interventions hold considerable promise, and our results sug-
gest continued optimism in this regard, especially if the reasons
for differential responsiveness of phenotypically or anatomi-
cally defined subsets of exhausted CD8 T cells can be defined.
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